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Super-Kamiokande and Hyper-Kamiokande
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Super-K Hyper-K

Fiducial mass 22.5 kton 188 kton

Overburden ~1000 m ~650 m

Number of inner-
detector PMTs 11000 40000

Photo-coverage 40% 40% 

(2x sensitivity)
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water: 2020-
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Super-Kamiokande Gadolinium Project (SK-Gd)
• Dissolving Gd to Super-Kamiokande to significantly enhance 

detection capability of neutrons from ν interactions


• Aiming for the first observation of Diffuse Supernova 
Neutrino Backgrounds 

• Also aiming for:


• Improving pointing accuracy for galactic supernova


• Precursor of nearby supernova by Si-burning neutrinos


• Reducing proton decay background


• Neutrino/anti-neutrino discrimination (Long-baseline and 
atmospheric neutrinos)


• Reactor neutrino measurements


• Final goal: 0.2% Gd2(SO4)3 with 90% capture efficiency


• As the first step, loaded 0.02% of Gd2(SO4)3 in 2020

4

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110
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Final goal

Initial loading 
(this year)

~50% n-capture on Gd

SK-Gd project

• Loading Gd to SK
• 7R�VLJQLrFDQWO\��HQKDQFH�GHWHFWLRQ�

capability of neutrons from ҧ߭ interactions   
• 0.02% Gd2(SO4)3 concentration in 2020. 

• About 50% of neutron would be captured by Gd, 
HQKDQFLQJ�QHXWURQ�WDJJLQJ�H⒑FLHQF\�E\�2-3 
times.

• Planned gradual increasement of Gd 
• Final target: 90% of neutron tagging
• Aiming at 70% with this Kakenhi
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cross section 
48.89kb

8MeV

2.2MeV   J

2020.6.3 ugap2020 

Hiroyuki Sekiya                                                               TAUP2017      Sudbury                                                  July 26 2017

The Gadolinium project 
y To identify Qe p events by neutron tagging with Gadolinium.
y Large cross section for thermal neutron (48.89kb)
y Neutron captured Gd emits 3-4 Js in total 8 MeV

Ń Well above most of BG from RIs  and the SK trigger threshold

y 90% of Gd capture efficiency at 0.1% loading
y Gd2(SO4)3 was selected to dissolveЍ0.2% loading

Ń In Super-K, it corresponds to 100 tons of loading 
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Gd loading
• Super-K successfully loaded 13 tons of Gd2(SO4)3･8H2O (5 tons of Gd)


• Loading done from July 14 through August 17, 2020


• Smooth injection from the bottom 
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pure water
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Gd in Super-Kamiokande!
• Successfully observed neutron capture on Gd!


• AmBe neutron source 


• Neutrons induced by cosmic muons 


• Observed capture time constant consistent with 
expectation from 0.02% Gd2(SO4)3 concentration. 


• Spallation neutrons shows movement of Gd-loaded 
water in the detector
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7/18 7/21 7/24 7/27 7/30 8/2 8/5 8/8 8/12

τ=116 ± 3 μsec

Vertex distribution of spallation neutron Gd(n,γ) candidates



Motivations for Gd in Hyper-K
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Diffuse Supernova Neutrino 
Backgrounds (DSNB)
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• Neutrinos produced from all the SN bursts and 
diffused in the current universe.


• Can study history of SN bursts with neutrinos


• Many astrophysics and particle physics 
implications:


• Contribution of failed supernova


• Neutrino oscillation effect in dense medium


• Galaxy evolution


• Supernova burst mechanism

Diffused Supernova Neutrino Backgrounds 
Supernova Relic Neutrino 

• Neutrinos produced from the 
SDVW�61�EXUVWV�DQG�GL⒐XVHG�LQ�
the current universe.
• ~ a few SN explosions every 

second ˢ O(1018) SNe so far in 
this universe

• Can study history of SN bursts 
with neutrinos

62020.6.3 ugap2020 

~ a few SN explosions every second 
O(1018) SNe so far in this universe
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Figure 2. (a) SRN flux in units of f∗ cm−2 s−1 MeV−1 calculated with three
reference models of original neutrino spectrum: LL, TBP and KRJ. The flux
of atmospheric neutrinos [66, 67] is also shown for comparison. (b) The same as
(a), but indicating contribution from various redshift ranges. LL is adopted as the
supernova model. These figures are taken from [17].

the distant detector is

dNν̄e

dEν̄e

= |Ue1|2
dNν̄1

dEν̄1

+ |Ue2|2
dNν̄2

dEν̄2

+ |Ue3|2
dNν̄3

dEν̄3

= |Ue1|2
dN0

ν̄e

dEν̄e

+ (1 − |Ue1|2)
dN0

νx

dEνx

, (7)

where the quantities with superscript 0 represent those at production, Uαi is the mixing matrix
element between the α-flavour state and ith mass eigenstate, and observationally |Ue1|2 = 0.7.
In other words, 70% of the original ν̄e survives; on the other hand, the remaining 30% comes
from the other component νx. Therefore, both the original ν̄e and νx spectra are necessary for the
estimation of the SRN flux and spectrum; since the original νx spectrum is generally harder than
that of the original ν̄e, as shown in table 1, the flavour mixing is expected to harden the detected
SRN spectrum.

3. Flux and event rate of SRNs

3.1. Flux of SRNs

The SRN flux can be calculated by equation (3) with our reference models given in section 2.
Figure 2(a) shows the SRN flux as a function of neutrino energy for the three supernova models,
LL, TBP and KRJ. The flux of atmospheric ν̄e, which becomes a background event for SRN
detection, is shown in the same figure [66, 67]. The SRN flux peaks at !5 MeV, and around this
peak, the TBP model gives the largest SRN flux because the average energy of the original ν̄e

is considerably smaller than in the other two models but the total released energy is assumed to
be the same. On the other hand, the model gives a smaller contribution at high-energy regions,
Eν > 10 MeV. In contrast, the high-energy tail of the SRN flux with the LL model extends

New Journal of Physics 6 (2004) 170 (http://www.njp.org/)

S.Ando et al., Astrophys.J.607:20-31,2004



Diffuse Supernova Neutrino 
Backgrounds (DSNB)
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• Neutrinos produced from all the SN bursts and 
diffused in the current universe.


• Can study history of SN bursts with neutrinos


• Many astrophysics and particle physics 
implications:


• Contribution of failed supernova


• Neutrino oscillation effect in dense medium


• Galaxy evolution


• Supernova burst mechanism

Diffused Supernova Neutrino Backgrounds 
Supernova Relic Neutrino 

• Neutrinos produced from the 
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the current universe.
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• Can study history of SN bursts 
with neutrinos

62020.6.3 ugap2020 

~ a few SN explosions every second 
O(1018) SNe so far in this universe
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• Primary signal: Inverse Beta Decay ( )


• Backgrounds that mimic e+ + n pair:

ν̄e + p → e+ + n

DSNB: Signal and Backgrounds
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Supernova Relic Neutrino

I The Supernova Relic Neutrinos (SRN) or
“Di↵use Supernova Neutrino Background”
are an expected background of ⌫ produced
by all the past supernovae.

I Theoretical flux prediction :
0.3 ⇠ 1.5 /cm2/s (17.3MeV threshold)

I Signal: Inverse � decay reaction:

⌫e

p

n

e+

I Large background rate is a↵ecting the
analysis

ICRR research Joint meeting, December 14th, 2019 7/18 pronost@km.icrr.u-tokyo.ac.jp

• 9Li (from cosmic μ spallation)
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• Atmospheric neutrinos
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NC(QE)

Detecting both position and neutron is 
the key to reduce backgrounds

• Accidental coincidence (mostly spallation products + fake-neutrons) 
• Reactor neutrinos 

Rare event search: a few tens of interactions / year / HK

[E < ~15 MeV]

[E < ~10 MeV]
[E < ~15 MeV]

[E > ~20 MeV][E < ~50 MeV] [E < ~20 MeV]
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DSNB Search prospects
• Current best limit set by SK (pure water)


• Limit within factor 2-3 from the most optimistic models.


• SK-Gd:


• Sensitivity will reach optimistic models in several years


• Aiming for the first observation of DSNB


• HK (pure water) 

• Search region likely limited to E > 16 MeV due to spallation 
backgrounds 

• Larger atmospheric neutrino backgrounds 

• HK-Gd:  

• Significant reduction of spallation backgrounds at E < 20 MeV 

• Measurement of DSNB spectrum at E > 10 MeV with 100s of 
events! 

• Study supernova rate down to Z~1
10
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Supernova relic neutrino: a goal (2/2)

I So far, we could only put limit on the
Supernova Relic Neutrino flux:

. (for Ando model 1.7 cm�2/s):
�90 < 4.9 cm�2/s (w/o H-n tag)
�90 < 3.8 cm�2/s (w/ H-n tag)
�90 < 2.7 cm�2/s (combined)
Sonia El Hedri, ICHEP2020

. Current best limits hold by Super-K
I SK is getting very close to reach the

region predicted by SRN models. We are
missing an additional BG reduction.

JPS online conference, September 16th, 2020 4/14 pronost@km.icrr.u-tokyo.ac.jp

Super-Kamiokande IV, 2970 days with n-tag (pure water)



DSNB Search prospects
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• SK-Gd:


• Sensitivity will reach optimistic models in several years


• Aiming for the first observation of DSNB


• HK (pure water) 

• Search region likely limited to E > 16 MeV due to spallation 
backgrounds 

• Larger atmospheric neutrino backgrounds 

• HK-Gd:  

• Significant reduction of spallation backgrounds at E < 20 MeV 

• Measurement of DSNB spectrum at E > 10 MeV with 100s of 
events! 

• Study supernova rate down to Z~1
10

 [MeV]recE
12 14 16 18 20 22 24 26 28

Ev
en

ts
/b

in

0

5

10

15

20

25

30
Data

-NCQE)ν (νAtmospheric-
-NCQE)ν (νAtmospheric-

 (non-NCQE)νAtmospheric-
Li9Spallation 

νReactor-
Accidental coincidence

10×SRN (Nakazato+15 Minimum, NH) 

Preliminary

Super-Kamiokande IV, 2970 days with n-tag (pure water)

9 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

0

10−2

10−3

10−4

10−5

10−2

10−3

10−4

10−5

10 20 30 40 50 60

0.1

1

10

0 10 20 30 40 50 60

0.1

1

10

Figure 2. (a) SRN flux in units of f∗ cm−2 s−1 MeV−1 calculated with three
reference models of original neutrino spectrum: LL, TBP and KRJ. The flux
of atmospheric neutrinos [66, 67] is also shown for comparison. (b) The same as
(a), but indicating contribution from various redshift ranges. LL is adopted as the
supernova model. These figures are taken from [17].

the distant detector is

dNν̄e

dEν̄e

= |Ue1|2
dNν̄1

dEν̄1

+ |Ue2|2
dNν̄2

dEν̄2

+ |Ue3|2
dNν̄3

dEν̄3

= |Ue1|2
dN0

ν̄e

dEν̄e

+ (1 − |Ue1|2)
dN0

νx

dEνx

, (7)

where the quantities with superscript 0 represent those at production, Uαi is the mixing matrix
element between the α-flavour state and ith mass eigenstate, and observationally |Ue1|2 = 0.7.
In other words, 70% of the original ν̄e survives; on the other hand, the remaining 30% comes
from the other component νx. Therefore, both the original ν̄e and νx spectra are necessary for the
estimation of the SRN flux and spectrum; since the original νx spectrum is generally harder than
that of the original ν̄e, as shown in table 1, the flavour mixing is expected to harden the detected
SRN spectrum.

3. Flux and event rate of SRNs

3.1. Flux of SRNs

The SRN flux can be calculated by equation (3) with our reference models given in section 2.
Figure 2(a) shows the SRN flux as a function of neutrino energy for the three supernova models,
LL, TBP and KRJ. The flux of atmospheric ν̄e, which becomes a background event for SRN
detection, is shown in the same figure [66, 67]. The SRN flux peaks at !5 MeV, and around this
peak, the TBP model gives the largest SRN flux because the average energy of the original ν̄e

is considerably smaller than in the other two models but the total released energy is assumed to
be the same. On the other hand, the model gives a smaller contribution at high-energy regions,
Eν > 10 MeV. In contrast, the high-energy tail of the SRN flux with the LL model extends

New Journal of Physics 6 (2004) 170 (http://www.njp.org/)

S.Ando et al., Astrophys.J.607:20-31,2004



Improving reconstruction 
for GeV neutrinos
• Neutron information can also be used to:


• Separate neutrino and antineutrinos


• Improve energy reconstruction w/ neutron counting

11

  

Higher energy physics potential
● Neutrino-antineutrino separation: 

This is the natural and most logic continuation of neutron tagging, following 
the IBD reasoning
This would work for CCQE interactions, but not necessarily for the rest of 
interaction modes

In addition, primary interactions are followed by complex secondary 
interactions within the nuclear media, which produce more neutrons diluting 
the neutron multiplicity differences

Despite all this, the neutron multiplicity is still larger for antineutrinos

Atmospheric ν, μ-like (>1 GeV) DUNE beam energy range (1.5 ~ 2.5 GeV)

Improved n-tag with Gd further improves CPV, MO, θ23 and Δm232  
measurements with long-baseline and atmospheric neutrinos

Figure from P. Ferna ́ndez Mene ́ndez, Ph.D thesis 
n Atmospheric oscillations: mass ordeing, q23 octant, and dCP , exotic oscillations 
n Most of these improve with neutrino/antineutrino separation  

n Directly below 1 GeV ( dCP )
n Matter resonance 2~10 GeV (MO)

n Now using neutron information for this purpose 

Atmospheric Oscillations: Present

Single-Ring Multi-GeV e-like Cut Variables :

Sample nue nuebar numu (tot) Tau (tot) NC

2018 nu-like 0.604 0.088 0.100 0.033 0.156
2018 nubar-like 0.546 0.372 0.009 0.010 0.063

2020 nu-like 0.592 0.086 0.110 0.033 0.159
2020 e-like 0.628 0.281 0.007 0.007 0.057

2020 nubar-like 0.423 0.460 0.010 0.014 0.077

25% 
tagging eff.
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Neutron tagging (w/ H) already used for the current atmospheric neutrino oscillation analysis at SK
https://indico.fnal.gov/event/45296/contributions/195925/attachments/134181/165935/wendell_skatm_prospects_202009_upload.pdf

https://indico.fnal.gov/event/45296/contributions/195925/attachments/134181/165935/wendell_skatm_prospects_202009_upload.pdf


Checklist for HyperK-Gd

12

Check items Status

No water leak from the tank Design/construction ongoing

Optical property of water
Soak test of detector components ✔ (for SK, ongoing for HK)

Transparency in the SK tank Being studied at SK-Gd

RI in water
Purification of Gd2(SO4)3 powder ✔ (for SK)

Event rate in the SK tank Being studied at SK-Gd

Enhancement with 
neutrons

Study/Reduction of backgrounds for DSNB Being studied at SK-Gd

Event reconstruction improvements for 
GeV neutrinos (atm/lbl) Being studied at SK-Gd

Mandatory

To keep physics 
performance 

To make physics 
case stronger

Many things depends on studies at SK-Gd!



Optical properties of water

• Prior to dissolving Gd to Super-K, we did:


• Soak testing of all the detector 
components


• Test with 200 m3 tank (EGADS) that 
mimics Super-K environment


• Successfully kept water transparency in 
the 200 m3 tank at the current SK level 
without losing Gd

13

Light @ 15 meters in the 200-m3 EGADS tank

Our Gd-capable water system really is lossless (>99.99%) – the fully-
loaded EGADS tank has been turned over more than 350 times so far.

The light left at 15 m has been stable  at ~75% for 0.2% Gd2(SO4)3 , which 
corresponds to ~92% of SK-IV pure water average. 17

Water transparency

Gd concentration

200 m3 tank (EGADS)

Nucl.Instrum.Meth.A 959 (2020) 163549

To keep physics performance 



Water purification for SK-Gd
• Dedicated Gd-dissolving and Gd-water purification system for Super-Kamiokande


• Recirculating SK water through the new system at 120 m3/h


• Carefully monitoring water quality w/ calibration sources, cosmic muons etc

14
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Real test with the Super-K detector has just started!

To keep physics performance 



イントロダクション
• SK-Gd:スーパーカミオカンデ(SK)に硫酸ガドリニウムGd2(SO4)3を0.2% 
(Gdで0.1%)を導入。まずは、0.01%のGdを溶解した。 
- 中性子の同時計測を可能にする。 
- 初の超新星背景ニュートリノの観測を目指す。 

• SK:太陽ニュートリノ検出のため、高純度の超純水を使用 
➡ 導入する硫酸ガドリニウムも超高純度でなければならない。

3 208Tlのβ崩壊のエネルギースペクトラム。
3.5 MeV

太陽ニュートリノの 
バックグラウンドになる。

RI in Gd powder
• Radio impurities in Gd powder: 


• Backgrounds to solar and supernova neutrinos


• Most problematic: 208Tl in 232Th chain


• Stringent requirement for RI imposed


• Developed methods to evaluate low concentration RI


• Screened at multiple sites


• ICP-MS: Kamioka


• HPGe: Canfranc, Boulby and Kamioka


• Worked with production companies and achieved the 
required purity


• Now 13 tons of those Gd powder is in SK!
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To keep physics performance 

232Th: < 0.05 mBq /kg, 238U: < 0.5 mBq/kg etc



RI impacts to solar neutrinos
• Major goal of solar neutrino measurements at HK:


• Detection of spectrum “up-turn” at the vacuum to matter dominant 
oscillation transition region


• Key: lowering the energy threshold 


• Sensitivity at the lowest energy region limited by RI in the detector


• Critical to demonstrate background rate in SK-Gd
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FIG. 158. Spectrum upturn discovery sensitivity as a function of observation time. The solid line shows

that the energy threshold is 4.5MeV, while the dotted line shows the 3.5MeV

the hep solar neutrino flux will provide a better understanding of SSM. Hep solar neutrinos could

be also used to test non-standard neutrino physics in the energy range (⇠ 18 MeV) [227].

In Hyper-K, a high sensitivity measurements of hep solar neutrino flux would be possible, since

the detector has a good energy resolution. Figure 159 shows the expected solar neutrino fluxes in

1.9 Mton year in Hyper-K detector. The separation between 8B and hep solar neutrinos highly

depends on the energy resolution of the detector. Table XLIV shows a list of expected numbers of

solar neutrino events in typical energy regions. Hyper-K has a better separation between hep and

TABLE XLIV. Expected solar neutrino event rates in water Cherenkov detectors. The assumptions are

same as Fig. 159.

Energy resolution Energy range 8B hep hep / 8B

[MeV] [/1.9 Mton/year] [/1.9 Mton/year]

SK-III/IV 19.5–25.0 0.77 3.03 3.9

Hyper-K 18.0–25.0 0.56 6.04 10.6

> 4.5 MeV

> 3.5 MeV
Significance of upturn detection at HK

solar neutrinos show the largest deviation from the reso-
nance electron survival probability. Here, we report for the
first time, a clear solar neutrino signal with high statistics in
the energy range 3.49–3.99 MeV observed over the entire
data-taking period of SK-IV. Figure 19 shows the solar
angle distribution for this energy bin, with a distinct peak
(above the background) coming from solar neutrinos. The
number of solar neutrino interactions (measured in this
energy range from fits to the distributions of Fig. 20
discussed below) is

1063þ124
−122ðstatÞþ55

−54ðsystÞ events:

A. SK-IV spectrum results

As outlined in Sec. III C [in particular Eq. (3.2)], the solar
neutrino signal of SK-IV is extracted by an extended
maximum likelihood fit. While the 8B flux analysis uses
all 23 energy bins at once (and constrains the energy
spectrum to the one expected from unoscillated simulation
via the Yi factors), herewe extract the solar neutrino energy
spectrum by fitting one recoil electron energy bin i at a time,
with Yi ¼ 1. Below 7.49 MeV, each energy bin is split into
three subsamples according to the MSG of the events, with
boundaries set at MSG ¼ 0.35 and 0.45. These three
subsamples are then fit simultaneously to a single signal
and three independent background components. The signal
fraction Yig in each MSG bin g is determined by solar
neutrino simulated events in the same manner as the Yi
factors in the 8B flux analysis. Similar to the 8B flux analysis,
the signal and background shapes depend on theMSG bin g:
the signal shapes σg are calculated from solar neutrino
simulated events and the background shapes βig are taken
from data. Figure 20 shows the measured angular

distributions (as well as the fits) for the energy ranges
3.49–3.99 MeV, 3.99–4.49 MeV, 4.49–4.99 MeV, and
6.99–7.49 MeV (from top to bottom), for each MSG bin
(left to right). As expected in the lowest energy bins, where
the dominant part of the background is due to very low-
energy β=γ decays, the background component is largest in
the lowest MSG subsample. Also as expected, the solar
neutrino elastic scatteringpeak sharpens asMSG is increased.
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FIG. 19. Solar angle distribution for events with electron
energies between 3.49 and 3.99 MeV. The style definitions are
same as Fig. 17.
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To keep physics performance Solar neutrino sample in SK-IV (pure water)

3.5 - 4.0 MeV

Backgrounds (mostly RI)

Signal
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Neutrino oscillation in HK
See the neutrino oscillation MSW effect directly
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NCQE measurement 
w/ acc. neutrino beam
• Atmospheric neutrino NCQE interactions:


• Most problematic backgrounds for DSNB searches


• Unique feature for SK and HK: control sample of 
NCQE interactions w/ accelerator neutrino beam 
from J-PARC


• Large part of beam energy spectrum overlaps with 
atmospheric neutrinos


• Recent measurement at SK with the T2K beam: 
Phys.Rev.D 100 (2019) 11, 112009


• Still statistics is poor in the region of interest. 
Precision will be improved with more data
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of these two contributions is used and a ±65% variation is
applied to both N secondary-n

C
and N secondary-p

C
. The vari-

ation producing the largest change in the final sample is
used to compute the final error and results in a ⇠13%
uncertainty for signal and roughly 20% for the NC-other
and CC components. In addition, the impact of uncer-
tainties from the final state interaction model has been
evaluated to be as large as 3%. The total uncertainty for
each is obtained by summing these two contributions in
quadrature.

C. Oscillation parameter and detector response
uncertainties

Errors on the oscillation parameters, ✓13, ✓23, and
�m2

32
, are taken from Ref. [20]. Varying each of these,

the change in the selected number of CC events results
in 3�4% errors for the FHC and RHC samples.

Errors on each reconstructed parameter used in the
event selection, Erec, dwall, e↵wall, ovaQ, and ✓C are con-
sidered as detector response uncertainties. These have
been studied using detector calibrations [51, 52], and
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FIG. 9. Probabilities of an event being reconstructed in the
energy region of 3.49�29.49 MeV as a function of the number
of Cherenkov photons (NC) for FHC and RHC.

their e↵ect on the final sample is 1%. Similarly, the gain
of the SK PMTs was found to vary over the observation
period and its impact is considered as systematic error in
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of these two contributions is used and a ±65% variation is
applied to both N secondary-n

C
and N secondary-p

C
. The vari-

ation producing the largest change in the final sample is
used to compute the final error and results in a ⇠13%
uncertainty for signal and roughly 20% for the NC-other
and CC components. In addition, the impact of uncer-
tainties from the final state interaction model has been
evaluated to be as large as 3%. The total uncertainty for
each is obtained by summing these two contributions in
quadrature.

C. Oscillation parameter and detector response
uncertainties

Errors on the oscillation parameters, ✓13, ✓23, and
�m2

32
, are taken from Ref. [20]. Varying each of these,

the change in the selected number of CC events results
in 3�4% errors for the FHC and RHC samples.

Errors on each reconstructed parameter used in the
event selection, Erec, dwall, e↵wall, ovaQ, and ✓C are con-
sidered as detector response uncertainties. These have
been studied using detector calibrations [51, 52], and

CN
0 2000 4000 6000 8000 10000

se
le
ct
ed

P

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

FHC
RHC

FIG. 9. Probabilities of an event being reconstructed in the
energy region of 3.49�29.49 MeV as a function of the number
of Cherenkov photons (NC) for FHC and RHC.

their e↵ect on the final sample is 1%. Similarly, the gain
of the SK PMTs was found to vary over the observation
period and its impact is considered as systematic error in
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To make physics case stronger

Analysis w/ neutron tagging ongoing

-



More studies at SK-Gd
• Neutron yield measurement with T2K accelerator 

neutrino beam


• Recently made the first measurement of 
neutron yield  from neutrino and antineutrino 
CC interactions


• Important input for utilizing neutrons for 
neutrino/antineutrino separation etc (GeV 
neutrinos) 

• Constrains atmospheric neutrino 
backgrounds for DSNB 

• Measurement of spallation products with neutrons


• Spallation products often associated with 
“neutron cloud” 


• Can improved spallation rejection with n-Gd 
for solar ν and DSNB observation

18

To make physics case stronger

CHAPTER 8. MEASUREMENT OF MEAN NEUTRON
MULTIPLICITY

Table 8.13 summarizes the measured mean neutron multiplicities in comparison to
the equivalent expectations which are derived from the NEUT-based MC. As shown
in Figure 8.41, the measured mean multiplicity averaged over Pt shows a tendency
that the RHC sample has higher mean multiplicity than that of the FHC sample.
Since in general CC ν̄µ interactions produce more neutrons compared to CC νµ in-
teractions (e.g. CCQE interaction) in the neutrino energies of this analysis, the
observed tendency is consistent with the expectation.

The deviation from the NEUT expectation is -2.75σ (-2.69σ) for the FHC (RHC)
1Rνµ sample based on the total error of this measurement.

Figure 8.40: Measured mean neutron multiplicity as a function of reconstructed
muon transverse momentum for the Run 1-9 FHC and RHC 1Rνµ samples. The left
and right figures correspond to the FHC and RHC samples, respectively. The color
bands represent the equivalent expectations which are obtained the NEUT-based
MC. The widths of the bands correspond to the size of the MC statistical error of
the expectations.

Table 8.13: Summary of the measured mean neutron multiplicities of the Run 1-9
data in comparison to the expected numbers. For the expected numbers which are
derived from the NEUT-based MC, the errors are the MC statistical uncertainties.
For the data results, the first errors and second errors represent the statistical and
systematic uncertainties, respectively.

FHC RHC
Pt bin Expected Measured Expected Measured

0.0 - 0.25 (GeV/c) 1.22 ± 0.02 0.62 ± 0.25 +0.04
−0.06 1.76 ± 0.02 0.78 ± 0.33 +0.05

−0.06

0.25 - 0.5 (GeV/c) 1.33 ± 0.02 0.95 ± 0.23 +0.08
−0.09 2.05 ± 0.02 1.50 ± 0.41 +0.11

−0.13

0.5 - 0.75 (GeV/c) 1.77 ± 0.04 1.16 ± 0.40 +0.11
−0.10 2.36 ± 0.03 1.78 ± 0.66 +0.15

−0.18

> 0.75 (GeV/c) 2.75 ± 0.12 2.77 ± 1.17 +0.20
−0.24 3.41 ± 0.08 3.93 ± 2.32 +0.51

−0.36

Averaged over Pt 1.50 ± 0.02 1.00 ± 0.17 +0.07
−0.08 2.14 ± 0.02 1.40 ± 0.26 +0.10

−0.11

The measurement results are also compared with the expectations of the GENIE-
and NuWro-based MCs as well as the NEUT’s one as shown in Figures 8.42 and
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Results and technique used for SK-Gd  directly applicable to HK(-Gd)
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Spallation Studies in Super Kamiokande
Scott Locke (University of California, Irvine) on behalf of the Super-Kamiokande Collaboration

Super Kamiokande and Spallation
The Super-Kamiokande (SK) water

Cherenkov detector started data
taking in 1996. Its longest phase
finished data taking in 2018, when
preparations were made to start
doping the water with gadolinium
sulfate [Gd2(SO4)3].

Multiple Spallation

Spallation Likelihood

Results

Future

SK experiences muons at a rate of ~2 Hz, with most depositing
a few GeV of energy in the detector but some depositing much
more. Hadronic showers from these muons have a chance to
spall nuclei in the water, creating radioactive isotopes. The decay
of these isotopes are the largest background in the 5.49-19.49
MeV kinetic energy region. Work has been done to add and
improve tagging techniques. The published[1] method for tagging
spallation for the solar neutrino analysis accrues 20% dead time
with 90% tagging efficiency.

This novel approach to use spallation to tag itself does not
use muon information. Since multiple solar neutrino events are
not expected to be nearby in space and time, we can use
multiple events as a veto. By cutting events within 4m and 60s
of each other, ~45% of spallation events are removed in the
5.49-19.49 MeV kin. energy region with only 1.4% deadtime

Parameter Definition
Muon Track

lt (transverse 
distance)

Neutron/Spallation 
Candidate

ln (from muon entry)

Transverse distance (lt):
Distance of closest approach of event 
to track

Longitudinal distance (ln):
Distance along track in reference to 
shower

Time difference (dt)
Time from muon to candidate

Multiplicity:
Number of candidate events for a 
muon

Residual Charge (resq):
Excess light from muon, above 
minimum ionizating particle

Etot – (EMIP per cm)*(track length)

Visual representation 
for spatial parameters

The published method to tag
spallation is a likelihood cut based
on three variables of the muon
and spallation candidate pair: lt,
dt, and resq. Changes to these
three PDFs and the addition of a
fourth variable, ln, based on the
reconstructed muon dE/dx further
improves the tagging. Updating
the muon fitter used to calculate
the likelihood has also yielded
significant gain to tagging this
background.

The cut point was chosen to
maintain previously published
spallation tagging efficiency, 90%,
minimizing deadtime.

BG
Sig-BG

Currently 9% of neutron
captures are seen and pass
cuts. With the coming addition
of Gd to the detector, neutron
capture tagging efficiency will
greatly improve. In the first
phase of Gd loading, we expect
~5x more neutrons meeting the
same criteria, as well as better
vertex resolution resulting in
higher confidence on shower
location.

Other analyses, such as the
DSNB search, have started to
use these new methods and
improvements.

Since WIT neutron data
starts in 2016, two cuts were
chosen for the WIT/non-WIT
periods. The reduction in
deadtime has resulted in 12%
more events, and a decrease
of 6.5% in relative error. The
6,862 more events is around
an extra year of solar data.

Calculated AD/N (Day/Night
asymmetry) is -1.9% ± 1.2%
for 3.49 to 19.49 MeV kinetic
energy. The fitted AD/N is
-2.1% ± 1.1% for the same
energy region.

Method Deadtime
Previous 20%

WIT 9.0%
Non-WIT 10.8%

BG
Sig-BG

Neutron Clouds
The WIT (Wideband Intelligent

Trigger) system independently
triggers and reconstructs 2.2
MeV γs from n-capture on H.
Spallation producing showers
typically have many neutrons,
and neutrons from WIT define a
bubble cut around the showers.

Example shower 
with neutron (red) 
and spallation 
(blue) candidates 

However, WIT’s neutron detection efficiency is low, so this
method alone is insufficient to tag all spallation in pure water:
~55% of spallation is tagged with only 1.3% deadtime.
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The Super-Kamiokande (SK) water
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of each other, ~45% of spallation events are removed in the
5.49-19.49 MeV kin. energy region with only 1.4% deadtime

Parameter Definition
Muon Track

lt (transverse 
distance)

Neutron/Spallation 
Candidate

ln (from muon entry)

Transverse distance (lt):
Distance of closest approach of event 
to track

Longitudinal distance (ln):
Distance along track in reference to 
shower

Time difference (dt)
Time from muon to candidate

Multiplicity:
Number of candidate events for a 
muon

Residual Charge (resq):
Excess light from muon, above 
minimum ionizating particle

Etot – (EMIP per cm)*(track length)

Visual representation 
for spatial parameters

The published method to tag
spallation is a likelihood cut based
on three variables of the muon
and spallation candidate pair: lt,
dt, and resq. Changes to these
three PDFs and the addition of a
fourth variable, ln, based on the
reconstructed muon dE/dx further
improves the tagging. Updating
the muon fitter used to calculate
the likelihood has also yielded
significant gain to tagging this
background.

The cut point was chosen to
maintain previously published
spallation tagging efficiency, 90%,
minimizing deadtime.

BG
Sig-BG

Currently 9% of neutron
captures are seen and pass
cuts. With the coming addition
of Gd to the detector, neutron
capture tagging efficiency will
greatly improve. In the first
phase of Gd loading, we expect
~5x more neutrons meeting the
same criteria, as well as better
vertex resolution resulting in
higher confidence on shower
location.

Other analyses, such as the
DSNB search, have started to
use these new methods and
improvements.

Since WIT neutron data
starts in 2016, two cuts were
chosen for the WIT/non-WIT
periods. The reduction in
deadtime has resulted in 12%
more events, and a decrease
of 6.5% in relative error. The
6,862 more events is around
an extra year of solar data.

Calculated AD/N (Day/Night
asymmetry) is -1.9% ± 1.2%
for 3.49 to 19.49 MeV kinetic
energy. The fitted AD/N is
-2.1% ± 1.1% for the same
energy region.

Method Deadtime
Previous 20%

WIT 9.0%
Non-WIT 10.8%

BG
Sig-BG

Neutron Clouds
The WIT (Wideband Intelligent

Trigger) system independently
triggers and reconstructs 2.2
MeV γs from n-capture on H.
Spallation producing showers
typically have many neutrons,
and neutrons from WIT define a
bubble cut around the showers.

Example shower 
with neutron (red) 
and spallation 
(blue) candidates 

However, WIT’s neutron detection efficiency is low, so this
method alone is insufficient to tag all spallation in pure water:
~55% of spallation is tagged with only 1.3% deadtime.
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Summary
• New era of SK, SK-Gd, have just started!


• HK-Gd would provide great opportunity for:


• Precise measurement of DSNB


• Enhanced measurements of GeV neutrino oscillation with


• Neutrino/antineutrino separation


• Improved energy reconstruction


• And many more!


• Data from SK-Gd will provide crucial imputes for realization for HK-Gd


• Optical quality and RI of Gd-loaded water


• Enhancement of physics potential with neutrons


• Stay tuned for near future results from SK-Gd!
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SK-Gd Project
Physic targets
• Precursor of nearby supernova by Si-burning neutrinos
• Improve pointing accuracy for galactic supernova
• First observation of Supernova Relic Neutrinos
• Others

• Reduce proton decay background
• Neutrino/anti-neutrino discrimination                    

(For T2K and atmospheric nubs analyses)
• Reactor neutrinos
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